Accurate food and nutrient information is important on several levels, from improving individual health to enabling manufacturers to comply with regulations governing food production and retailing. This information is obtained by means of many analytical methodologies, which have been developed to measure most of important food nutrients. The overwhelming majority of the analytical techniques currently utilized in food nutrient study are time-consuming, labor-intensive, and relatively expensive. They usually require multistep sample treatment procedures, produce waste, and often some valuable information is lost. Therefore , there is a pressing need for robust, rapid, and 
INTRODUCTION
Food is a complex mixture of nutrients and nonnutritive substances that has a strong impact upon human wellness and performance. Food directly affects individuals by providing nutrients essential for maintaining good health and maximizing genetic potential.
The elucidation of the health-promotion role of many biologically active nutrients in foods requires databases of values and analytical techniques to generate data. To quantify food nutrients and create nutrient databases many analytical techniques have been developed. However, much basic information about the nutrient content of foods remains to be collected. Reliable data on fatty acid content, vitamin and mineral levels, and the variation in nutrient content with storage, handling, and processing are not available for a large number of foods. Therefore, there is a considerable demand for new analytical methodologies to determine compositions and nutritional values of foods.
Many analytical techniques are available to quantify important food constituents such as proteins and amino acids, essential fats, sugars, vitamins, and minerals. [1] Among them, there are chromatography, enzymatic techniques, atomic absorption spectroscopy, immunochemical assays, and mass spectrometry. Almost all the analytical methodologies based on these techniques require a number of manipulations to make sample properties suitable for the final quantitative measurements. These manipulations are often of multiple steps including treatment with chemicals and enzymes, isolation, thermal treatment, homogenization, filtration, and so on. For instance, according to a vitamin D assay a sample is subjected to saponification and extraction followed by purification using alumina and silica columns. [1] Fatty acid composition assays based on the gas chromatography also involve relatively time-consuming procedures of fat extraction prior to measurement using a gas chromatography device. [2] [3] [4] Most advanced analysis methodologies for proteins and amino acids also require the utilization of sophisticated techniques, such as liquid chromatography, mass spectrometry, electrophoresis, and immunochemical assays. [1, [5] [6] [7] As one can observe, the analytical techniques discussed previously are comprised of multiple step sample manipulations, which allow quantifying a component of interest using an appropriate instrument. Although these analytical techniques have proven their validity, the widespread application of them in the food and nutritional studies is currently limited. Most of these techniques are characterized as relatively expensive, time-consuming, laborintensive, and require highly skilled operators. In most applications in food and nutritional studies, users need accurate, simple-in-use, rapid, nondestructive, and relatively low-cost analytical tools, which can be utilized in both fundamental research and industrial applications.
Infrared and fluorescent spectroscopy-based techniques have become increasingly important for a wide variety of analytical applications in biology and chemistry. [8, 9] This is due to great technical advances in both instrumentation and data analysis tools in the past two decades. Coupled with multivariate statistical tools such as principal component analysis (PCA), principal component regression (PCR), factorial discriminant analysis (FDA), and partial least squares (PLS) regression, infrared and fluorescent spectroscopies allow to extract information on composition and physicochemical properties of food systems in an accurate, high sensitive, and rapid manner. [10, 11] Considering the overall time and cost needed to obtain an analytical result, none of the above mentioned techniques could compete with the infrared and fluorescence techniques presented here.
This article is intended to: (i) provide an overview on the basic measurement principles of infrared and fluorescent spectroscopies; (ii) highlight useful features of the statistical multivariate tools in processing spectral data; and (iii) present some practical applications of infrared and fluorescent spectroscopy-based techniques for the identification and characterization of some food nutrients developed by the authors and other researchers.
PRINCIPLES OF INFRARED AND FLUORESCENT SPECTROSCOPIC TECHNIQUES FOR DETERMINATION OF NUTRITIONAL CONSTITUENTS IN FOODS Fluorescence Spectroscopy
Absorption of light by a fluorescent molecule causes the excitation of an electron moving from a ground state to an excited state. [9] After the electron has been excited, it rapidly relaxes from the higher vibrational states to the lowest vibrational state of the excited electronic state. After reaching the lowest vibrational state of the excited electronic state, the excited state may decay to the ground state by the emission of a photon (fluorescence). Due to energy losses, the emitted fluorescence photon always carries less energy than the absorbed photon. [9] Similarities and differences between right angle and front face fluorescence spectroscopies. Fluorescence spectroscopy offers several inherent advantages for the characterisation of molecular interactions and reactions. First, it is 100 to 1000 times more sensitive than other spectrophotometric techniques, allowing to quantify components present in minute amounts (micro-molar to nano-molar ranges). Second, fluorescent compounds are extremely sensitive to their environment. For example, tryptophan residues that are buried in the hydrophobic interior of a protein have different fluorescent properties than residues that are on a hydrophilic surface. This environmental sensitivity enables to characterize conformational changes such as those attributable to the thermal, solvent or surface denaturation of proteins, as well as the interactions of proteins with other food components. Third, most fluorescence methods are relatively rapid and a spectrum is recorded in less than 1 second with a CCD detector.
If absorbance is less than 0.1, the intensity of the emitted light is proportional to fluorophore concentration and excitation and emission spectra are accurately recorded by a classical right-angle fluorescence device. When the absorbance of the sample exceeds 0.1, emission and excitation spectra are both decreased and excitation spectra are distorted. To avoid these problems, a dilution of samples is currently performed so that their total absorbance would be less than 0.1. However, the results obtained on diluted solutions of food samples can not be extrapolated to native concentrated samples since the organization of the food matrix is lost. To avoid these problems, the method of front-face fluorescence spectroscopy can be used ( Fig. 1 ). [12] Front-face fluorescence allows investigation of the fluorescence of powdered, turbid, and concentrated samples. The method has been used to quantitatively determine hemoglobin in undiluted blood [13] and to study hemoglobin R->T transition kinetics [14] or proteins in wheat gluten. [15] But searching in the literature, we encountered very few papers dealing with the application of front-face fluorescence in the characterization of food products. This could be explained by the fact that food products are complex products containing numerous fluorescent compounds. In such cases, the signals of the different chromophores may overlap and, for example, it becomes difficult to predict the concentration of one particular compound. Recently, fluorescence spectroscopy in combination with multivariate statistical methods has been used for studying quality parameters of "native" samples of milk, cheese, sausage, and meat products.
Nature of fluorophores in food products. Fluorescence probes or fluorophores represent the most important area of fluorescence spectroscopy. Fluorophores can be broadly divided into 2 main classes: intrinsic and extrinsic. Intrinsic fluorophores are those that occur naturally. They include the aromatic amino-acids -tryptophan, tyrosine, and phenylalanine in proteins, vitamins A, E, and B 2 , NADH derivatives of pyridoxal and chlorophyll, some nucleotides and numerous other compounds that can be found at low or very low concentrations in food. The fluorescent properties of aromatic amino acids of proteins [9, 16] can be used to study protein structure or protein-hydrophobic molecule interactions. [16] Tryptophan is an essential amino acid with a well-characterized fluorescence response. Indeed, the emission spectra of tryptophan residues were recorded at 305-400 nm, with the excitation wavelength at 290 nm ( Fig. 2) . [17] The fluorescence properties of tryptophan, along with its chromophore moiety-indol ring, have been studied extensively due to its use as a standard optical probe for protein structure and dynamics. [8] Meat and milk products contain vitamin A in the fats and, due to its conjugated double bonds, vitamin A is a good fluorescent probe. [18] The emission spectrum for meat fat recorded at excitation wavelength of 322 nm show emission peaks at 387 and 440 nm. [19] Based on this, excitation spectra can be then recorded for both emission wavelengths of 387 and 440 nm, showing excitation peaks at approximately 308 and 322 nm ( Fig. 3 ). The spectra have a similar shape, but the highest fluorescent intensity was observed by excitation at 322 nm.
Connective tissues are characterized by the presence of fluorescent pyridinoline groups in collagen molecules. Previous reports [20, 21] have shown 380 nm to be the best excitation wavelength for this fluorophore, whilst several reports by Swatland, [22] [23] [24] [25] Swatland et al., [26] and Swatland and Findlay [27] have reported 365 nm as a useful excitation wavelength for connective tissues. Identification and quantification of different components of muscle connective tissue, collagen (type I, III, IV, and V) and elastin, have been investigated by intrinsic fluorescence spectroscopy. [21] [22] [23] Elastin and collagen type V show the most powerful fluorescence [28] with emission peak around 400 nm when excited at 322 nm, and peaks at 440 and 475 nm after excitation at 380 nm. However, it could be valuable to distinguish fat and connective from meat, using a set of univariate combinations. Skjervold et al. [19] showed that both samples of tendon and purified collagen show maximum florescence at the same wavelengths, using an excitation wavelength of 380 nm. Both tendon and purified collagen showed similar spectra with peaks around 440 nm indicating that this is a useful univariate combination for connective tissue. Riboflavin, also known as vitamin B 2 , is a water soluble vitamin that occurs naturally in foods containing other members of the B 2 complex. It has a strong and broad fluorescence emission peak in the region 525-531 nm ( Fig. 4 ). [29, 30] Riboflavin is stable to heat, oxidation, and acid, but unstable in the presence of alkali or light, especially ultraviolet light. The vitamin is photo-chemically degraded into different forms, i.e., lumichrome and lumiflavin. These two compounds are also fluorescent with emission maxima in the regions 444 to 479 nm and 516 to 522 nm, respectively. The emission spectra of riboflavin are recorded in the zone ranging between 400 and 640 nm with the excitation wavelength set at 380 nm. The reduction of the fluorescence at about 525 nm might reflect the reduction of riboflavin content. Finally, NADH can be mentioned. The fluorescence emission spectra of NADH show two maxima observed at about 414 and 438 nm following excitation at 336 nm. [31] One has to consider that food products such as meat contain many compounds that may fluoresce at a given wavelength. For example, following excitation at 280 nm, tryptophan residues of proteins, as well as conjugated linoleic acid (CLA), tyrosine residues, and so on emit photons. So, a spectrum recorded on a food sample following excitation at 280 nm included information on several fluorophores and may be considered as a characteristic fingerprint, which allows the sample to be identified. 
Infrared Spectroscopy
Infrared radiation (IR) or the term infrared alone refers to energy in the region of the electromagnetic radiation spectrum at wavelengths longer than those of visible light, but shorter than those of radio waves. The applications of this technique for animal nutrition, agriculture, and food sciences have increased considerably in the last decade. [32, 33] Near infrared spectroscopy. Near infrared (NIR) is defined as the wavelength region from 730 to 2500 nm, lying between the visible light with shorter wavelengths and the infrared light with longer wavelengths (Fig. 5 ). NIR is widely used for the determination of organic constituents in feeds, foods, pharmaceutical products, and related materials. [34] The NIR region is characterized by overtone and combination bands of fundamental vibrations occurring in the mid infrared (MIR). These arise due to the anharmonic nature of molecular vibrations. All organic bonds have absorption bands in the NIR region, whereas minerals may only be detected in organic complexes and chelates or indirectly by their effect on hydrogen bonds. Because of the light mass of the hydrogen atom, overtones, and combination bands of hydrogen bearing functional groups (C-H, O-H and N-H) dominate the NIR spectra of feeds. The NIR region offers some advantages for quantitative analysis of major elements and the sensitivity limit being about 0.15% for most constituents. NIR instruments have a very high signal to noise ratio, which is typically 10000:1.
According to the Beer-Lambert law, the concentration of an absorber (c) is directly proportional to the sample absorbance (A) : c = A/e.l, where e is the molar absorptivity and 1 is the path length. This relationship is fundamental to quantitative absorption spectroscopy and it may be applied not only to transmission measurements, but also to the diffuse reflectance of light scattering materials. The main difference is that the path length of radiation, which is maintained constant in absorption spectroscopy, is affected by light scattering. Scattering occurs when radiation transmitted through the surface and emerging after partial absorption is diffused by random reflections, refractions, and diffractions at further interfaces inside the sample or undergoes further transmittance and absorption at other interfaces. Diffuse reflectance, most commonly used, is applied for particulate material in the wavelength range from 1100 to 2500 nm, whereas transmittance is more commonly measured from 800 to 1100 nm.
The main disadvantage of the NIR is the low sensitivity of the signal to what is compared from, for example, MIR. Indeed, NIR is 10 to 100 times less sensible than MIR as reported by Rodriguez-Otero et al. [34] Low concentration components cannot be expected to be determined with a good accuracy by the use of NIR. Mid infrared spectroscopy. MIR represents the spectrum of the absorption of all the chemical bonds having an infrared activity between 4000 and 400 cm −1 (Fig. 6 ). The acyl-chain is mainly responsible for the absorption observed between 3000 and 2800 cm −1 , whereas the peptidic bound C-NH is mainly responsible of the absorption occurring between 1700 and 1500 cm −1 .
Most of the absorption bands in the MIR region, but not in the NIR region, have been identified and attributed to chemical groups. The infrared bands appearing in the 3000-2800 cm −1 region are related to the absorbance of methyl and methylene groups. The CH 3 group represent in all cases two strong bands occurred at 2962 cm −1 and 2872 cm −1 corresponding to asymmetrical and symmetrical stretching modes, respectively. The CH 2 group gives rise to two characteristic bands at 2926 and 2853 cm −1 corresponding to the in-phase and out-of-phase vibrations of the hydrogen atoms. The triacylglycerols ester linkage C-O (∼ 1175 cm −1 ), C = O (∼ 1750 cm −1 ) group and acyl chain C-H (3000-2800 cm −1 ) stretch wavenumbers are commonly used to determine fat. These bands also are particularly useful because they are sensitive to the conformation and the packing of the phospholipid acyl chains. [35] [36] [37] The development of Fourier transform infrared (FTIR) spectroscopy in recent years also affords the possibility of obtaining unique information about protein yield, protein structure and protein-protein and protein-lipid interactions without introducing perturbing probe molecules. [36] The Amide I and II bands (1700-1500 cm −1 ) are also known to be sensitive to the conformation adopted by the protein backbone. The secondary structures of proteins can be deduced from their FTIR spectra since there are good correlations between the Amide I band (1700-1600 cm -1 ), [38] and the levels of α-helix, β-sheet and unordered structure in proteins. [39] Although the peptide bonds are essentially responsible for the absorbance of proteins in the 1700-1500 cm −1 region, the side chains of several amino acids (glutamic acid, aspartic acid, glutamine, asparagine, lysine, arginine, and tyrosine) can contribute to the signal in the Amide II region. [40, 41] The carboxylate groups of the side chains of aspartic and glutamic acids absorb between 1580 cm −1 and 1520 cm −1 , the nature of anion or cation interacting with carboxylate group determining the exact location of the band within this interval. Thus, Byler and Farrell [42] showed, by infrared spectroscopy, that the O-C-O stretching vibrations of glutamate and aspartate residues shifted from 1575 to 1565 cm −1 when potassium ions bound to the proteins are replaced by calcium ions. Water exhibits a strong absorption band overlapping amide I and II protein bands. Due to the high absorbance at about 1640 cm −1 in the amide I and II region and to comply with the Beer-Lambert law, the path length of the cuvette has to be in the 10 μm range. The development of the attenuated total reflectance (ATR) device allows the sampling problems encountered when collecting spectra from opaque and viscous samples to be overcome (Fig. 1 ).
MULTIVARIATE STATISTICAL TECHNIQUES AND GENERAL APPROACH TO THE DEVELOPMENT OF ANALYTICAL APPLICATION
The chemical information contained in the spectra are hidden in the band position, the band intensities and also the band widths. Whereas the band positions give information about the appearance and the structure of certain chemical compounds in a mixture, the intensities of the bands are related to the yield of these compounds via the Beer Lambert law. The easiest way to determine the content of a chemical compound is to measure the change of the intensity of a well-resolved band that clearly belongs to this compound. This is possible for pure component. But food products retain numerous components giving complex spectra with overlapping bands. The most valuable way to evaluate the data sets is to use chemometric tools to extract quantitative, qualitative or structural information from the spectra. These methods encompass descriptive techniques such as PCA and predictive techniques such as FDA, PCR, and PLS Regression.
Descriptive Techniques
Principal component analysis. The most frequently used method with multivariate data is PCA. The PCA transforms the original variables into new axes, or principal components (PCs). These PCs are orthogonal, so that the data set presented on these axes are uncorrelated with each other. Therefore, the PCA expresses the total variation in the data set in only a few PCs and each successively derived PC expresses decreasing amounts of the variance. The first PC (PC1) covers as much of the variation in the data as possible. The second PC (PC2) is orthogonal to the first one and covers as much of the remaining variation as possible, and so on. By plotting the PCs, one can view interrelationships between different variables, and detect and interpret sample patterns, groupings, similarities or differences. [43] Predictive Techniques Factorial discriminant analysis. The aim of this technique is to predict the membership of an individual to a qualitative group defined as a preliminary. The use of infrared and front face fluorescence spectroscopies for quality control in the food industry require the development of prediction models for samples that have to be assigned to qualitative groups such as variates, species or quality classes. [44] Such predictions can be handled by discriminant techniques such as FDA, which involve building a model from a calibration set and choosing a rule to assign the calibration and validation samples to the qualitative groups.
In a first step, a step-wise discriminant analysis was performed to select the PCs the most relevant for discrimination of variables following the qualitative groups initially defined. From the selected variables, FDA assesses new synthetic variables which are linear combinations of the variables of origins called "discriminant factors" and which are not correlated and allow the best separation of the qualitative groups. The individual can be reallocated within the various groups. For each individual, the distance separating it from the various centres of gravity from each group is calculated. So, the individual is affected to the one the distance is the shortest. Discrimination of the groups consists of maximizing the variance between their centres of gravity; one can then clarify the properties that distinguish the different groups. If the individual is close to the centre of gravity of its group, it is "correctly classified." In the case where the distance to the centre of gravity of its group is superior to that to the centre of gravity of another group, the individual is "poorly classified," and it will be reassigned to this other group. The comparison of the assignment group to the real group is an indicator of the quality of the discrimination. Similarity maps and patterns can be drawn, in analogy to those for PCA. Recently, Karoui et al. [45] have applied FDA to monitor the oxidation at the inner and surfaces zones of semi-hard cheeses made with cow's milk collected during both the grazing period (summer) and stabling period (autumn). It was shown that better classification was obtained with cheese samples cut at the surface (100% and 91.7% for the calibration and validation spectra, respectively) than with at the inner parts (68.1% and 41.7% for the calibration and validation samples, respectively). The authors concluded that riboflavin seemed to be primarily affected by oxygen and light than the physicochemical changes that takes place throughout ripening.
Principal component regression. PCR is a method for relating the variations in a response variable (Y-variable) to the variations of several predictors (X-variables), with explanatory or predictive purposes. This method performs particularly well when the various X-variables express common information, i.e., when there is a large amount of correlation, or even collinearity. PCR is a two-step method. First, a PCA is carried out on the X-variables. The PCs are then used as predictors in a multiple linear regression. This technique has been applied by Dufour et al. [46] to predict some sensory attributes from tryptophan fluorescence spectra scanned on soft cheeses. The results obtained from this investigation showed that a good prediction was obtained for the following sensory parameters: surface state (r 2 = 0.65), dry over watery ratio (r 2 = 0.66), texture length (r 2 = 0.69), and pastiness (r 2 = 0.86). The authors highlighted the relationship between the organizations of the protein network as evaluated by fluorescence spectroscopy and textural attributes of cheeses.
Partial least squares regression. PLS models both the X-and Y-matrices simultaneously to find the latent variables in X that will best predict the latent variables in Y. These PLS-components are similar to PCs, and will also be referred to as PCs. The PLS models, scores and loadings express how the samples and variables are projected along the model components. Basically, PLS scores are interpreted in the same way as PCA scores: they are the sample coordinates along the model components. The only new feature in PLS is that two different sets of components can be considered, depending on whether one is interested in summarizing the variation in the X-or Y-space. The PLS loadings express how each of the X-and Y-variables is related to the model component summarized by the t-scores. It follows that the loadings will be interpreted somewhat differently in the X-and Y-space. In order to compare between the different established models for a given parameter, the values of the root mean square error of cross-validation (RMSECV) of the calibration set are considered. The performance of the models are quantified by determining the squared correlation coefficient (R 2 ) for predicted versus measured compositions in crossvalidation and the ratio of standard deviation of data set (SD) to RMSECV of data set. In fact, R 2 indicates the percentage of the variance in the Y variable that is accounted by the X variable. A value for R 2 between 0.50 and 0.65 indicates that more than 50% of the variance in Y is accounted for variable X, so that discrimination between high and low values can be made. A value for R 2 between 0.66 and 0.81 indicates approximate quantitative predictions, whereas, a value for R 2 between 0.82 and 0.90 reveals good prediction. Calibration models having a value for R 2 above 0.91 are considered to be excellent. [47] The ratio of the SD to the RMSECV, called the ratio of prediction to deviation (RPD), is the factor, by which the prediction accuracy has been increased compared to using the mean composition for all samples. This ratio is desired to be larger than 5, but at least 3, for a good calibration. [47] An RPD ratio less than 3 indicates poor predictions, and the model can not be used for further prediction. Practical utility of the calibrations can also be assessed using the range error ratio (RER). [47] This ratio is calculated by dividing the range of a given constituent by the prediction error for that constituent and, while susceptible to the presence of extreme values at both ends of the range, it is a useful indicator of the practical utility of a predictive model.
FOOD APPLICATIONS

Dairy Products
Milk and milk products composed of a complex mixture of lipids, proteins, carbohydrates, vitamins, and minerals. [48] Infrared spectroscopy is widely used in different applications in dairy production, that is compositional, functional, and sensory analysis, process intermediates and final products. It is believed to be an accurate and rapid on-line tool for routine quality control in dairy production.
Infrared spectroscopy is widely used in milk analysis. [49] A vast amount of work on the potential of the infrared spectroscopy to measure fat, protein, lactose, and total solids contents of milk has been published. It has been shown that the short-wave near-infrared region can be used for on-line measurements of milk composition and the results of analysis are comparable with those obtained with conventional methods. [50] Using the spectral region 10000 to 4000 cm −1 , milk constituents were predicted with high correlation coefficients against reference methods as total solids (0.928), fat (0.961), protein (0.985), casein (0.932), urea nitrogen (0.906), and lactose (0.931). [51] Considerable information has been collected on the measurement of vitamin content of dairy products using fluorescence spectroscopy. Water-soluble vitamin B2 or riboflavin and fat-soluble vitamin A are known as the essential nutritional compounds of cow's and human milk. [48, 52] Riboflavin and vitamin A are highly fluorescent compounds, and this property serves as the basis for the fluorescent analytical methods. The former compound exhibits the maximum absorbance at 270, 370 nm and emission at 520, while the latter absorbs at 340 nm and emits at 490 nm. [53] A front-face fluorescent analytical technique has been developed and proposed as a new rapid and nondestructive method for measuring riboflavin content, which demonstrated a promising ability to predict riboflavin in plain yogurt with high accuracy. Correlation between fluorescent spectra and riboflavin content measured using the AOAC fluorometric method was found to be as high as 0.99. [54] A mathematical model derived from PCA and PCR applied to fluorescence spectra predicted the content of riboflavin.
Riboflavin is well known as a compound, which readily undergoes photochemical degradation while exposed to the visible light. Therefore, measurement of the rate of riboflavin destruction as a function of light intensity has an important role in terms of nutritional quality, designing packaging materials and controlling processing, handling and storing conditions of foods containing riboflavin. Fluorescence spectroscopy has also been proven to be a rapid, nondestructive analytical technique with high sensitivity and specificity in quantification of riboflavin in dairy foods. Becker et al. [54] studied the content of riboflavin in plain yogurt depending on storage conditions and type of packaging material. Analyzing tryptophan and riboflavin fluorescence spectra, the authors concluded that the major changes of the yogurt fluorescent properties were caused by the photochemical degradation of riboflavin. It has also been shown that light transmission and oxygen permeability of packaging materials considerably affect the stability of yogurt riboflavin. The PLS regression yielded a correlation of 0.97 between the newly developed fluorescence method and riboflavin content determined by conventional technique. [54] While the role of riboflavin in light-induced degradation of milk and yogurt has already been elucidated to some extent, its significance in oxidation processes in cheeses and other dairy products-as a consequence of illumination-was not clear until a number of experimental works were conducted. [55] Having studied fluorescence properties of cheeses and sour cream, Wold et al. [28] reported a decrease of the fluorescence intensity of these products at 525 nm as the time of exposure to the visible light increases. Since riboflavin exhibits maximum emission at this wavelength, the alteration of the fluorescence properties observed was attributed to light-and air-induced riboflavin degradation.
Heat treatment alters chemical composition and induces development of new compounds in milk. During heat treatment of milk, lactose, the major milk sugar (4-0-β-D-galactopyranocil-D-fructofuranose), is isomerized, forming a disaccharide known as lactulose (4-0-β-galactopyranosyl-D-fructose). Lactulose is used as an indicator to distinguish milk according to the rate of heat treatment received. [56, 57] However, lactulose is also used as a medication in treatment of malfunctions related to the digestive apparatus and intestines. For instance, the acidification of colon contents as a result of digestion of lactulose by the bacteria of the large intestine attracts ammonia from the blood stream and traps it there to withdraw from the human body. This assists individuals in liver failure, as diseased livers are not able to detoxify ammonia. Excess ammonia in the blood stream leads to a form of dementia called "hepatic encephalopathy." Thus, foods, particularly milk products, containing a given quantity of lactulose could be considered for the diet of the individuals experiencing intestine malfunctions. From this point of view, the development of accurate, rapid, and nondestructive measurement of lactulose contents becomes an important task. Several studies have been conducted to develop such analytical techniques. [58, 59] However, proposed techniques still involve some premeasurement sample treatment manipulations and chemicals, which make the cost of the measurement per sample still relatively high. A front-face fluorescence spectroscopy based technique, which involves neither sample treatment nor other chemicals, has been developed to measure lactulose in milk formed during heat treatment (Fig. 7) . [60] The statistical processing of the tryptophan and Maillard-reaction products fluorescence spectra with PCA and PCR allowed predicting the lactulose content in milk with high accuracy (the regression coefficient was 0.987 when compared with a reference enzymatic technique).
The relationship between dietary fats and health and disease is one of the most active areas of biochemical, nutritional, and medical research. In this sense, particularly, an increasing interest has been observed in the conjugated linoleic acid (CLA), especially in the cis-9, trans-11, and cis-12, trans-10 isomers, considered essential to human diet. CLA is associated with important biological functions including anticarcinogenic activity, antiatherogenic activity, the ability of immune stimulation, the antidiabetic and antiobesity activities. [3, 4, 61] Cow's milk has been found to be the richest source of CLA containing 0.2 to 3.7% relative to the total milk fat. Three groups of factors, diet related, animal related, and post-harvest related, have the most influence on CLA content in milk and meat from ruminant. [61] Direct fortification of milk with CLA oil is also reported to be more feasible solution to control CLA content in order to provide maximum health benefits. [4] Therefore, availability of accurate and rapid analytical methods to measure fatty acid constituents of milk can considerably contribute into further research towards balanced fatty acid content management and designing foods with desirable fatty acid composition. The most often practiced analytical method in the characterization of the milk fatty acids is the gas chromatography. [2] [3] [4] According to this method, prior to injection into chromatograph, milk fat is extracted from sample, heated in the presence of acid, and treated with chemicals; thus, this measurement technique becomes time-consuming and labor-intensive. Meurens et al. [62] with colleagues have conducted measurements of CLA in cow milk using FTIR. This is the first successful application of infrared spectroscopy to quantification of CLA. They have established that the spectral patterns at 1652, 1438, and 3006 cm −1 are associated to the cis, trans conjugated C = C in the rumenic and trans-10, cis-12-octodecadienoic acids. Calibration for CLA determination has indicated that these three specific spectral patterns can be used for rapid and accurate measurement of CLA concentration in milk fat. [62] As the research of such biologically active nutrients as CLA attracts consistently growing interest, an acute need is existing for a relatively low-cost and rapid measurement tools. To meet this need, further attention should be given to the analytical methods development research and one of the subjects of such research could be investigation of the potential of fluorescence spectroscopy to measure fatty acids in foods, especially those recognized as most beneficial to human health. Fat-soluble fluorophores naturally occurring in foods such as vitamin A (exc. 340 nm, em. 409 nm) and vitamin E (exc. 295 nm, em. 340 nm) are widely used as the probes assisting to extract information on ingredient interaction and physicochemical properties of different foods. Intrinsic fat-soluble fluorophores naturally occurring in foods have been successfully used as sensors to characterize ingredient interaction and physicochemical properties of foods. The excitation spectra of vitamin A in the range 250 to 350 nm (em. 410 nm) has been shown to contain information related to the physical state of triglycerides in fat globules. [63] Fatty acid composition and quantities of individual fatty acids might also modify the spectral properties of these probes and therefore fat-soluble fluorescent probes could allow measuring nutritionally active fatty acids. Many other extrinsic chromophores available in the market, could also be used to study fatty acids in foods. This type of probe is attached to the molecule of interest and unique information on the molecule under question can be obtained analyzing the modifications of its spectral properties.
Solid fat content was examined evaluating the spectra of cream obtained by infrared spectroscopy. [64] The relationship with the physical state of triacylglycerols and modification of the absorbance at 2865 cm −1 was established. Results obtained by infrared spectroscopy were compared with those found with differential scanning calorimetry (DSC) and nuclear magnetic resonance spectroscopy (NMR). All the three methods applied displayed nearly identical results and the correlation coefficient was 0.996.
Edible Muscle Tissues
Meat is important because of its excellent nutritive properties. The protein content of muscle tissue is very high and contains types and amounts of amino acids proper to normal maintenance of human health and growth. Lipid components of muscle tissue vary more than do the amino acids. The composition of lipids is dependent on species, age and location. Muscle tissue is also an excellent source of both water-soluble (thiamin, riboflavin, niacin, B6, and B12) and fat-soluble (D, E, and K) vitamins. [48] The meat processing industry has long needed non-destructive and accurate techniques to determine the nutritional and quality attributes of meat. Increasing numbers of studies indicate that using infrared spectroscopy to measure the nutrients in muscle tissue offers advantages over other conventional analytical methods. Infrared spectroscopy is an ideally suited technique for muscle tissue fat analysis. Replacing time-consuming and labor-intensive traditional analytical methods with simple and rapid Fourier transform infrared spectroscopy (FTIR) has been defined as one of the priorities in the development of analytical systems. [65] A rapid FTIR method based on transmission approach to measure the free fatty acids in the range of 0.2-8% in fats and oils has been proposed by Ismail et al. [65] according to which carboxyl groups are measured analyzing spectra. The authors also developed a FTIR method coupled with an ATR accessory to measure free fatty acid concentrations higher than 0.2%. Both techniques allow users to obtain an analytical result comparable to the American Oil Chemists' Society (AOCS) reference method in a simple manner in less than 2 minutes. [65] Processing aims at improving of nutritional and functional properties of foods and its ingredients. In some circumstances, processing may also induce uncontrolled reactions resulting in detrimental consequences to the overall quality of a food product and particularly to its nutritive value. The majority of cis-form unsaturated fatty acids transform to trans fatty acids during fat/oil hydrogenation. Since trans fatty acids are associated with cardiovascular diseases, their content in foods has to be controlled by means of reliable measurement methods. van der Voort et al. [49] have proposed a rapid FTIR-chemometrics based technique to measure cis and trans content of fats. Compared to the AOCS method, the infrared spectroscopic method showed high accuracy and a relatively wide measurable concentration range (0-15% of trans) of the new FTIR-chemometrics technique. In addition, a custom designed sample-handling accessory and program were developed to enable the analytical procedure to be automated, robust, and rapid (< 2 min/sample). A similar technique has been proposed to determine solid fat index in fat and oils. [49] Analytical techniques based on the fluorescent spectroscopy have mainly been examining technological properties and quality attributes of meat and meat products, rather than nutritive compounds. A number of works have been dedicated to study meat connective tissue and fat, [19] [20] [21] 26] meat tenderness, [66, 67] and texture, [68, 69] meat and fish freshness. [31] Probably such tendencies come from the apparent need of the meat processing industry for reliable on-line quality control techniques. It is believed that the lack of such measurement tools is holding back the introduction of totally automated processing cycles into meat processing plants. A number of accessories and new application approaches have been developed in the last two decades enabling infrared and fluorescent spectroscopies to be the most suitable online measurement techniques. However, research towards better understanding the biochemical and biophysical nature of the interactions between fluorescent molecules, and the food matrix might result in the new nondestructive and rapid fluorescent techniques to determine a wider range of nutrients in foods.
Cereal Foods
Each cereal (wheat, maize, barley, rice, rye, oat, millet, sorghum, and triticale) has unique properties, which make it suitable for a variety of food products. Cereals and cereal products are an important source of energy, carbohydrate, protein, and fiber. They also contain a range of micronutrients such as vitamin E, some of the B vitamins, sodium, magnesium, and zinc. Because of fortification of some cereal products they also contribute significant amounts of calcium and iron. There is evidence to suggest that regular consumption of cereals, specifically whole grains, may have a role in the prevention of chronic diseases (e.g., coronary heart disease and diabetes).
A series of works have recently been conducted on the application of NIR spectroscopy to determine nutritional compounds in cereal foods. These works have resulted in a number of rapid online measurement tools with a great potential to be introduced in the cereal processing industry.
Total dietary fiber content in mixed meals has been measured using NIR spectroscopy. [70] Using multivariate tools, PLS models were developed to relate NIR spectra to the corresponding values of the total dietary fiber determined by an AOAC method. The coefficient of determination was 0.89 to 0.97 depending on the samples studied. Compared with traditional analysis of total dietary fiber in mixed meals, which takes a minimum of 4 days, NIR spectroscopy provided a faster method for monitoring samples for dietary fiber. Similar work has been conducted to determine total dietary fiber in barley using NIR transmittance spectroscopy. [71] Whole-grain milled barley (n = 56) was scanned between 850-1048 nm and total dietary fiber was determined for each cultivar by AOAC enzymatic-gravimetric method. The validation statistics of PLS models using calibration (n = 28) and validation (n = 28) sets showed a standard error of performance of 0.89-1.03 and a coefficient of determination of 0.83-0.88. These two works demonstrate the high capacity of NIR spectroscopy to determine dietary fiber in cereal foods in a rapid, nondestructive, and accurate manner.
The classification of cereals according to their nutritional components has been accomplished using Raman spectroscopy and modeling software to separate the cereals into classes. [72] In total, 120 cereal-based food samples have been scanned in low-iron NMR tubes with a 1064 nm excitation laser. Raman scatter was collected over the Raman shift range of 3399.89-202.45 cm −1 . Samples were classified depending on their primary nutritional compounds (total dietary fiber, fat, protein, and sugar) by PCA. Simultaneously, soft independent modeling of class analogy (SIMCA) and PLS based classification were conducted to classify the samples according to the content of each component (high and low) using the spectral data. The wavelength bands responsible for classification of each component were 1630-1600 cm −1 for total dietary fiber, 2853 and 1440 cm −1 for fat, 2910 and 1660 cm −1 for protein, and 848 and 848 cm −1 for sugar. PLS-based classification was shown as more precise comparing to SIMCA, resulting in correct classification of 85-95% of the time. Thus, NIR-FT/Raman spectroscopy has been proved as a rapid and reliable method for classification of cereal foods based on their nutritional components.
Determination of fat in cereal foods using NIR spectroscopy has been a subject of several projects undertaken recently. Reflectance spectra at 400-1700 nm of intact cereal foods have been recorded and processed with multivariate analysis tools. Mathematical models derived allowed predicting the fat content of independent validation samples (n = 52) with sufficient accuracy. Comparing to an official method, the fat content was predicted using infrared spectra with standard error of performance and multiple coefficient of determination being 1.61-1.65% and 0.95-0.96, respectively. The model was expanded to include samples with a broad range of particle sizes and moisture contents with no reduction in accuracy of prediction. Wavelength regions of 1215 and 1390 nm have been reported to be the most valuable for model development. [73] The wavelength region at 1104-2494 has also been proved for measurement of fat content in cereal foods. [74] The PLS regression applied to the spectral data and the total fat determined by AOAC Method yielded prediction of fat content in the samples studied with the coefficient of determination of 0.99. The mathematical model obtained was tested with independent validation samples (n = 36), which demonstrated the prediction of fat with high accuracy. These studies clearly showed that infrared spectroscopy could be considered as a reliable and effective alternate to the time-consuming and labor-intensive official analytical methods currently applied in total fat determination in diverse cereal products and nutrition labeling.
Energy balance is an important parameter of human diet along with its nutritional composition. Therefore the energy available in a food should be known to consumers for management of diet. Control over diet energy balance allows decreasing the risk of obesity and chronic diseases related to food. NIR spectroscopy has also been applied to measure energy contained in foods, particularly in cereal products. Combination of the infrared spectroscopy and multivariate analysis used to evaluate gross and available energy of the ground cereal products has demonstrated a good correlation with the results obtained by bomb calorimetry. [75] The developed chemometric models predicted gross and available energy of the cereal product samples with multiple coefficients of determination of 0.96. Standard errors of cross validation for NIR prediction of gross energy (range 4.05-5.49 kcal/g), energy of samples after adjustment for unutilized protein (range 3.99-5.38 kcal/g) and energy of samples after adjustment for unutilized protein and insoluble dietary fiber (range 2.42-5.35 kcal/g) were 0.053, 0.053, and 0.088 kcal/g, respectively. The same approach has been utilized to explore the energy of fat derived from different cereal products. [76] Using NIR reflectance spectra (1104-2494 nm) and reference values for energy obtained from Soxhlet analysis of fat using a conversion factor of 9 kcal/g of fat to calculate fat energy, a modified PLS model was developed for the prediction of calories derived from fat per g of sample. Standard errors of cross validation and multiple coefficient of determination for prediction of energy from fat per g sample (n = 51) were 0.103 kcal and 0.97 respectively.
The presence of the intrinsic fluorescent molecules that can be regarded as of high nutritional concern in the cereals makes it possible to quantify them by fluorescence spectroscopy. The advantage of this technique becomes obvious when low quantities of a target substance, which are beyond the sensibility of the infrared spectroscopy, are to be measured. Since most of cereal products are opaque, front-face fluorescent spectroscopy is utilized. Using this technique, the content of vitamin B 2 in low-riboflavin-containing wheat flours have been measured. [77] Analyzing fluorescence spectra of four bread and durum wheats in the region 250-650 nm, two bands of absorption have been found: first, relatively high-intensity band related to aromatic amino acids of proteins and second, lowintensity band, due to chromophores bound to low-molecular-weight compounds. [78] The intensity of the latter was found to be dependant on the content of the chromophores in flour and thus, the low-intensity band can be used for quantification of the chromophores. Particularly, carotenoids with absorption bands at 450-500 nm present in wheat flour can be measured.
CONCLUSION
As the public concern upon the nutritional value of the food supply is consistently increasing, ways are needed to improve the nutritional quality of diets. There also major gaps in our knowledge of the health related functions of many biologically active food components. The elucidation of the health promotion-role of many biologically active components requires rapid and precise analytical techniques to generate data. Although a number of analytical techniques have been developed to isolate and measure those components, robust, rapid and nondestructive analytical methodologies have been developed for only a few families of these biologically active components.
Infrared and fluorescence spectroscopies have proved their potential as rapid and nondestructive analytical tools to quantify major food components, physicochemical, and biochemical changes in foods during processing and handling, as well as to predict sensory and quality attributes. The advantages of the infrared and fluorescent spectroscopies become more apparent when they are combined with chemometric tools to extract information of interest from the recorded spectra. Fiber optic probes designed for spectroscopic applications give them a degree of portability, which enhances the use of spectroscopic techniques in atline and online process settings.
While the use of the infrared spectroscopy has widely spread across different food analysis applications, much attention is required to develop new analytical techniques based on the fluorescence spectroscopy. Having a strong sensitivity to compounds contained even in trace amounts, which is beyond that of the other techniques, fluorescence spectroscopy could be a powerful tool to study nutritional components in foods. A number of important biologically active components in foods such as lycopene, tocopherols, and CLA could be studied using fluorescence spectroscopy. A wider use of this technique in such studies would require new knowledge of the fluorescent characteristics of the nutritional components, which have not yet been studied.
